Abstract. Acoustic conspecific recognition depends on spectral and temporal call properties, but not all of these are necessary for species identification. To test the importance of the advertisement call's internote interval of the dendrobatid frog Allobates (=Epipedobates) femoralis, we conducted field playback experiments with modified conspecific calls and investigated phonotactic responses. Allobates femoralis males showed positive phonotaxis when calls with internote intervals varying up to ±60% of the population's mean were presented. No phonotactic approach was observed in response to modified advertisement calls containing internote intervals of the syntopic heterospecific leptodactylid frog Adenomera hylaedactyla. However, 26.7% of the A. femoralis males tested showed positive phototoxic when altered advertisement calls with internote intervals of the syntopic heterospecific dendrobatid frog Epipedobates cf. hahneli were presented. Our results show that only a combination of different acoustic call parameters provides correct species-specific recognition.
Introduction
Beside the attraction of conspecific females as mating partners, the function of male anuran communication is the recognition of conspecific males (Wells, 1977; Rand, 1988; Ryan, 1988) . Matching between conspecific calls and the auditory system of the receiver depends on multiple acoustic criteria (Gerhardt and Huber, 2002) , such as spectral, temporal calling properties or a combination of both. Not all of these features have the same relevance for conspecific recognition (Loftus-Hills and Littlejohn, 1971; Schwartz, 1987; Gerhardt, 1988; Gerhardt and Doherty, 1988; Gerhardt and Huber, 2002) . For species communicating syntopically and synchronically, calling patterns should provide correct species-specific identification (Ryan, 1988) . Various studies have shown that advertisement calls of cooccurring anuran species differed significantly in the mean values of their acoustic properties (Fouquette, 1960; Duellman, 1967; Hödl, 1977; Drewry and Rand, 1983; Duellman and Department of Evolutionary Biology, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria * Corresponding author; e-mail:
walter.hoedl@univie.ac.at Pyles, 1983; Schwartz and Wells, 1984; GarciaRutledge and Narins, 2001) . Nevertheless, even when the means differ, the distributions of the properties of different species' calls often overlap (Fouquette, 1960; Duellman and Pyles, 1983; Schwartz and Wells, 1984) .
Males of the territorial dendrobatid frog Allobates (=Epipedobates) femoralis (sensu Zimmermann and Zimmermann, 1988; Vences et al., 2003) are known to exhibit distinct behavioural reactions in response to acoustic playbacks of conspecific calls at suprathreshold levels. Acoustic playback of A. femoralis advertisement calls in a Peruvian population at intensities above 68 dB sound pressure level (SPL) (re 20 µPa) measured at the conspecific focal male showed head and body orientation toward the sound source, and a zigzag approach toward the broadcasting speaker (Hödl, 1982 (Hödl, , 1987 Narins et al., 2003) . This behavioural reaction provides strong evidence for perception and recognition of acoustic stimuli. Therefore, playback experiments using manipulated natural and artificial advertisement calls are a powerful tool to study the importance of calling features in question.
The advertisement call of the A. femoralis populations in the central and eastern Ama-zonian basin consists of four frequency modulated notes each sweeping up in frequency between 2.5-4.1 kHz (Narins et al., 2003; Hödl et al., 2004) . Playback experiments with frequencies within the range of heterospecifics were tested by Hödl et al. (2004) and Amézquita et al. (2005) and partly evoked positive phonotactic approach in A. femoralis males. This result demonstrates that frequency is not sufficient for discrimination between conspecific and heterospecific signals in male A. femoralis. Schlüter (1980) mentioned the inflexibility of the patterning of notes per call of male's A. femoralis advertisement calls. Although 34 anuran species have been identified at the study site Arataï (Lescure and Marty, 2000; Gottsberger and Gruber, 2004) , only males of Epipedobates cf. hahneli (sensu Vences et al., 2003) and Adenomera hylaedactyla exhibit partial overlap of their calling-activity periods with A. femoralis (Hödl et al., 2004) . Calls of these heterospecifics have distinct temporal patterns. The advertisement call of E. cf. hahneli consists of a long series of single-note calls and A. hylaedactyla transmits single-note calls with long irregular intervals. The temporal pattern of four notes per call in A. femoralis could therefore be a critical parameter and may provide information for recognition of species-specific signals. This prediction was tested in two ways, 1) by modifying the advertisement call's internote intervals beyond the limits of the natural signal and 2) by presenting advertisement calls with internote intervals of the two co-occurring species.
Materials and methods

Study area and study animals
Field playback experiments were undertaken with 15 males of the territorial dendrobatid frog A. femoralis in the primary forest near the field station at Arataï, French Guiana (3 • 59 N, 52 • 35 W) at the beginning of the rainy season in January 2004. The study site is located in a lowland wet tropical forest (23 m a.s.l.), in which the mean annual rainfall and temperature are 3000-3250 mm and 26 • C, respectively. Only males of two other anuran species, one dendrobatid and one leptodactylid frog (E. cf. hahneli and A. hylaedactyla) call from similar sites and partially overlap in their calling activity with A. femoralis (Hödl et al., 2004) .
Experimental design and playback experiments
In order to determine the influence of internote-interval variation of the advertisement call of A. femoralis in eliciting phonotactic response, playback experiments with internote intervals beyond the range of the natural signal were carried out. The temporal and spectral parameters of the synthetic (i.e. standard) male advertisement calls were derived from the mean values of 15 males from the Arataï population ( fig. 1A) . Allobates femoralis advertisement calls consist of four notes and the means of the three internote intervals for this population are 50.2 ms, 96.2 ms and 43.9 ms, respectively (Narins et al., 2003) . For a description of other essential call parameters of A. femoralis see Narins et al. (2003) . The advertisement call of E. cf. hahneli contains a long series of single notes per call with an average internote interval of 156.4 ms (SE = 6.7 ms) ( fig. 1D ). Adenomera hylaedactyla advertisement calls consist of a single note as well, but call intervals are long and irregular (mean internote interval 752.3 ms, SE = 168.2 ms). Preliminary statistical analysis of advertisement calls of A. femoralis males (Arataï population) showed a natural internote-interval variation of ±25% (H. Gasser, personal communication). Therefore, internote intervals were modified with the software CANARY ® 1.2.4 by copy-pasting silence intervals using deviations from −60% to −30% and +30% to +60% on the three internote intervals by steps of 10%. The absolute values of the internote intervals 1, 2 and 3 for −60% are 20.1, 38.5 and 17.6 ms; for +60% 80.3, 153.9 and 70.2 ms. In a given stimulus all intervals were identical. Other parameters of the advertisement call of male A. femoralis remained unchanged.
To answer the question whether observable reactions depend on conspecific internote intervals in A. femoralis males, playback experiments using standard A. femoralis calls modified with heterospecific internote intervals of A. hylaedactyla and E. cf. hahneli were undertaken. The means of 50 intervals of the advertisement call of 11 E. cf. hahneli ( fig. 1B ) and of 20 intervals of one A. hylaedactyla ( fig. 1C ) were utilized as modified A. femoralis internote intervals. Additionally, playbacks of the natural advertisement call of male E. cf. hahneli ( fig. 1D ) from the Arataï population were used. Following observable behavioural changes were documented: head-body orientation, calling, and positive phonotactic approach.
Trials were conducted under rainless conditions during the two daily calling activity peaks of male A. femoralis in the morning and in the afternoon (Hödl et al., 2004) . Air temperature was measured immediately after each trial in the vicinity of the tested male and ranged between 23.6 • C and 27.5 • C. Acoustic stimuli were broadcasted exclusively to vocally-active territorial males. Individuals were not handled prior to, during or after any trial. Once a calling male was located, a battery powered loudspeaker (Sony SRS-A47) was placed on the forest floor at a distance of about 2 m to the frog facing the male under test. Synthetic calls were randomly broadcasted at SPLs of 80 dB (re 20 µPa) from a Oscillogram of three modified advertisement calls of A. femoralis using internote intervals of E. cf. hahneli (156.4 ms). C. Oscillogram of one modified advertisement call and one note of the second advertisement call of A. femoralis using internote intervals of A. hylaedactyla (752.3 ms). D. Natural advertisement call of E. cf. hahneli, taken from a commercial CD (Marty and Gaucher, 1999) . Above: spectrogram, below: oscillogram.
CD player (Panasonic S1-SX320), approximately representing the level of naturally-calling conspecifics at an equal distance (Hödl, 1987) . Each trial or stimulus contained 10 bouts (consisting of 40 notes per bout) and 9 interbout intervals. In general, a single test was counted as successful and stopped as soon as a male approached a radius of at least 30 cm around the loudspeaker during the time set for one trial. Trials in which males failed to approach the loudspeaker within the experiment time were counted as negative, if the individual under test exhibited a positive phonotactic approach in a subsequent control trial performed with the mean parameters of the population's call (=0% deviation of internote interval, standard call). For each successful trial the linear approach speed was calculated by dividing the linear distance covered by the time required to the loudspeaker. In order to reduce a potential proximity effect of the loudspeaker, reaching a point 30 cm from the speaker was counted as a positive approach. In all male dendrobatid frogs tested by the authors, the phonotactic approach was an all-or-none reaction. Thus, we consider the linear approach speed as the most relevant quantifyable territorial response. Further details on measuring linear approach speed in A. femoralis are published elsewhere (Hödl et al., 2004) . To minimize potential habituation, each male was tested a maximum of three times a day.
Statistical methods
Statistical tests were performed using SAS ® 8.2 for Windows. To determine the differences in the linear approach speed for each internote-interval deviation, we used a mixed model to consider repeated measurements on one frog with the variables temperature, SPL (re 20 µPa) (normalized for 1 m) and internote-interval deviation. To compare the behavioural reactions of the tested A. femoralis males to playbacks of the three different advertisement calls (A. femoralis advertisement call with internote intervals of E. cf. hahneli, A. hylaedactyla and natural call of E. cf. hahneli) for significance, we used a Friedman test. The behavioural reactions to the different advertisement calls were coded as follows: 0, no observable behavioural change; 1, head-body orientation; 2, calling; 3, positive phonotactic approach. If the Friedman test yielded significant differences, then a comparison was done with a two-tailed Wilcoxon two-sample test. A significance level of P < 0.05 was applied to all tests.
Results
Internote-interval deviations of the advertisement call of A. femoralis
With the exception of six trials, we observed positive phonotactic responses in all playback trials (n = 167, 15 males tested; fig. 2A ). Mixed model analysis revealed no significant influence of internote-interval deviation (F 8,141 = 1.13, P = 0.346) ( fig. 2A ), temperature (F 1,141 = 0.54, P = 0.464) and SPL (F 1,141 = 1.12, P = 0.291) on the linear approach speed.
Internote intervals of E. cf. hahneli, A. hylaedactyla and the natural call of E. cf. hahneli
The Friedman test indicated significant differences in the behavioural reactions of A. femoralis males to the three different advertisement calls (χ 2 = 20.48, P < 0.0001, n = 64, 15 males tested). Accordingly, we used the twotailed Wilcoxon two-sample test for the three different calls to specify the differences. The behavioural reactions to the natural call of E. cf. hahneli differed significantly from the reactions to the presentation of the artificial call using internote intervals of A. hylaedactyla (Z = 3.88, P = 0.0005) and E. cf. hahneli (Z = −3.72, P = 0.0005). No significant differences were found between the presentation of modified A. femoralis advertisement calls with internote intervals of A. hylaedactyla and E. cf. hahneli (Z = −0.59, P = 0.5554).
Presentation of the modified A. femoralis standard call with internote intervals of E. cf. hahneli (n = 30, 15 males tested) caused positive phonotaxis in eight males (26.7%; fig. 3 ). Furthermore, a mixed model analysis showed no significant difference between the linear approach speed of these trials ( fig. 2B ) and the linear approach speed of the trials using the standard stimulus (F 1,38 = 1.92, P = 0.172; fig. 2A ). Calling was observed in 13 (43.3%) and head-body orientation in three (10%) males, respectively. Six individuals (20%) did not react to the presented call ( fig. 3) .
Tests (17 trials, 15 males tested) using the standard A. femoralis call with internote intervals of A. hylaedactyla elicited calling in 14 males (82.3%) and head-body orientation in one male (5.9%). Two individuals (11.8%) did not react to the call ( fig. 3) .
However, natural calls (17 trials, 15 males tested) of E. cf. hahneli did not cause any observable reaction in 11 individuals (64.7%). In only two males tested (11.8%) could calling be stimulated. Head-body orientation was observed in four individuals (23.5%; fig. 3 ).
Discussion
With the exception of six negative cases, positive phonotaxis was observed in all tests performed with internote-interval deviations beyond the limits of the natural A. femoralis call. Additionally, the linear approach speed as an indicator of signal attractiveness and localization efficiency did not differ significantly when calls with internote-interval variations up to ±60% of the population's mean were presented. Unchanged linear approach speeds under different stimuli corroborates the all-or-none reaction of A. femoralis males towards both natural and (frequency-) manipulated signals in the field (Hödl et al., 2004) . However, positive phonotactic responses of male A. femoralis to modified advertisement calls with internote intervals of up to −60% were surprising, since responses at the lower end should be limited by the refractory period of neurons in the auditory periphery, causing a lack of sound resolution at short intervals (Gerhardt and Huber, 2002) .
We also observed that temporally modified advertisement calls of A. femoralis with internote intervals of E. cf. hahneli caused positive phonotaxis in 26.7% of the cases. Again, no significant difference in the linear approach speed between positively reacting individuals to E. cf. hahneli internote intervals and individuals reacting to the control stimulus was detected. However, no phonotactic approach was observed using advertisement calls of A. femoralis modified with internote intervals of A. hylaedactyla, even though in 82.5 % of the tested individuals calling could be stimulated. Ryan (1988) hypothesized the stabilizing effect of the presence of heterospecifics on the evolution of the advertisement calls in a given species. With a mean internote interval of 2.4 times that of A. femoralis, E. cf. hahneli exhibits internote intervals that are closest to A. femoralis among the acoustically co-active species. Responses at the upper end of possible internote-interval variation might be limited by stabilizing selection of the occurrence of the nearest co-occurring heterospecific.
Our results additionally corroborate the observations of other playback studies recently undertaken on male A. femoralis in the field (Amézquita et al., 2005; A. Vélez and A. Amézquita, personal communication) . For a population of A. femoralis at Leticia (Columbia) it could be shown that playback experiments using a frequency range beyond the natural variation but within the range of the co-occurring dendrobatid frog E. trivittatus evoked positive phonotactic response (Amézquita et al., 2005) . The same was observed when calls with note duration or internote intervals beyond the natural range of A. femoralis and within the range of E. trivittatus were offered (A. Vélez and A. Amézquita, personal communication). Furthermore, A. femoralis males also phonotactically approached the sound source, when pure tone bursts or frequency modulated notes sweeping down in the range between 2.5-4.1 kHz were presented with the natural temporal call pattern (Hödl et al., 2004) . Our results and those of other studies of the male A. femoralis call indicate that manipulation of one acoustic feature up to the closest heterospecific value still may cause positive phonotaxis, suggesting that only a combination of spectral and/or temporal call parameters allows correct discrimination against heterospecifics. Both sexes of the three co-active species studied forage unhindered by homo-and heterospecifics for food (ants, mites and collembola) on the ground in the leaf litter. Thus, territoriality between heterospecifics is not based on competition for food, but justified in competition for acoustic space and most likely oviposition sites.
The behavioural reactions of A. femoralis males to the natural calls of E. cf. hahneli differed significantly to all other tests performed. The frequency of all A. femoralis advertisement calls modified by internote intervals of A. hylaedactyla and E. cf. hahneli ranged within the average of the A. femoralis population. Thus, the modified broadcasted calls differed exclusively in their temporal structures. In the tests with modified calls playing back heterospecific internote intervals, A. femoralis males continued calling after the onset of modified call trials. This behaviour, however, changed significantly when the natural call of E. cf. hahneli, i.e. adding the spectral component of this species to its temporal pattern, was presented. In most of the cases, playbacks of unmodified calls of E. cf. hahneli caused no observable reaction in A. femoralis males.
Playback experiments with unmodified E. cf. hahneli calls were intentionally performed on the ground, the microhabitat of A. femoralis. Male A. femoralis call from slight elevations above ground or in the leaf litter, whereas E. cf. hahneli males were often found hidden in the centres of palm trees (Astrocaryum paramaca) or on adjacent structures up to 2 meters in height. Therefore, performing the experiments on the ground by-passes the natural microhabitat differences of the two species. Calling inhibition under these circumstances indicates that the heterospecific background noise of E. cf. hahneli interferes with conspecific communication of A. femoralis males in spite of the fact that there is no overlap in spectral characteristics.
Our observations are in accordance with other published studies for which heterospecific call playback causes calling suppression. For example, calling suppression was observed in Eleutherodactylus coqui in response to frequencies far out of their natural call range (Zelick and Narins, 1982) . Additionally, calling inhibition was also documented for Hyla ebraccata using filtered noise close to the dominant frequency of H. phlebodes (Schwartz and Wells, 1983) indicating that heterospecific calls may inhibit conspecific communication.
Reproduction in A. femoralis males is positively correlated with size and the duration of the ownership of territories which may last up to 100 days (Roithmair, 1992) . Energetic costs for prolonged breeders (Wells, 1977) should be minimized by clear discrimination against heterospecifics. Under natural conditions we could not observe calling inhibition in male A. femoralis induced by E. cf. hahneli calls. Despite the fact that the three anuran species at our study site live syntopically and are partially calling synchronically they show different activity peaks and use different microhabitats. These observations suggest that in addition to the variation in spectral and temporal call patterns different activity peaks as well as microhabitat differences may serve to minimize potential heterospecific interference.
